Abstract-This letter presents novel high power and reliable radio frequency (RF) microelectromechanical systems switches with single-pole single-throw (SPST) and single-pole triplethrow (SP3T) configurations. An in-plane movable structure with a single layer is made using a simple standard silicon-on-insulator process, which greatly reduces the micro-fabrication complexity and cost compared with the previously reported multi-contact switches with out-of-plane movable structures. The SPST switch achieves a uniform current distribution through each contact, thereby increasing the power handling capability of the switch. The SP3T switch is a derivative of the SPST switch with separate individual actuations. The experimental results demonstrate that the fabricated switches have superior RF performances: insertion losses are −0.9 and −1.3 dB at 6 GHz for SPST and SP3T switches, respectively, whereas isolations are better than −29 and −37 dB from dc to 6 GHz for SPST and SP3T switches, respectively. In hot-switching conditions, the SPST switch can handle RF power up to 2 W for 10 million cycles, whereas the SP3T switch is capable of handling an RF power of 1 W for 7 million cycles before failure occurs.
I. INTRODUCTION

M
ICROELECTROMECHANICAL systems (MEMS) switches have generated considerable interest owing to their superior electrical performances compared to the traditional solid-state solutions. For example, MEMS switches have higher linearity and isolation, with lower insertion loss and cost. The main challenges for the practical application of MEMS switches are poor long-term reliability and power handling capability [1] - [5] . To address the contact stiction issue under high current operation, hard metals such as platinum (Pt) and ruthenium (Ru) have been utilized as the contact materials instead of gold. However, hard metals suffer from high insertion loss due to their high electrical resistivity and high contact resistance [6] - [8] . Another means to improve reliability and power handling capability is to reduce the current through each contact by implementing multiple contacts in the switch [9] - [11] . Nonetheless, previous multi-contact designs are sensitive to the high stress and poor planarity issues caused by unequally distributed electrostatic forces on each contact, increasing the switch insertion loss. In addition, the earlier reported multi-contact switches require complex and costly fabrication processes to produce out-of-plane movable microstructures. This letter presents a novel laterally actuated multi-contact switch based on symmetrically-designed radial contacts with a shared central post. The switch is actuated with separate electrodes to control the current density and direction. For example, all six contacts can be actuated simultaneously in the SPST switch to lower the current density on each contact, improving switch reliability and power handling capacity. Moreover, the signal paths can be selected by actuating the three separate electrodes in the SP3T switch. The actuators are embedded inside the coplanar waveguide (CPW) to reduce the discontinuity in the CPW [12] . The proposed devices are fabricated using a commercially available standard fabrication process (SOI-MEMS TM ) through MEMSCAP with a single structure layer and high production yield. Soft metals such as gold and copper are over-coated on the contact area of the switches to reduce the resistance loss in the material and contact points. Fig. 1 shows SEM images of the overall device and a close-up view of the contact area of the fabricated SPST RF MEMS switch. The design consists of three pairs of contacts with electrostatically actuated cantilever beams. Three separate dc bias electrodes are located inside the signal line for each contact pair to reduce the discontinuity in the CPW, as shown in Fig. 1(b) . When sufficient dc bias voltages V 1 , V 2 and V 3 are applied between cantilever beams and fixed electrodes, the cantilever beams are pulled towards the fixed electrodes by the electrostatic force. The cantilever free-ends touch the central post, resulting in the ON-state of the switch. Once the dc actuation voltages are removed, the mechanical stresses in 0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. DESIGN AND SIMULATION
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the beams overcome the stiction forces and pull the cantilever beams back to the original OFF-state. The RF power handling capability of ohmic contact type RF MEMS switches is limited by the self-heating effect and contact temperature, which are generally proportional to contact resistance [6] . Thus, to improve the power handling capability of a switch, contact resistance has to be reduced, which can be achieved by connecting multiple switch contacts in parallel. However, the switch geometry has to be carefully designed to maintain an even current distribution across multiple contacts [6] . To analyze the power handling capability of the proposed design, the RF current distribution at 2 GHz is simulated using the electromagnetic simulator of CST. The optimized dimensions of the device are summarized in Table I . The simulated current distribution for 1 W input power is shown in Fig. 2 . The results indicate that the currents flowing through each contact are evenly distributed with ±0.2% variation. The small variation is due to the different paths through which the RF signal has to travel, before reaching the contacts in the central part of the SPST. Therefore, a uniform heat distribution throughout the switch and high power handling capability can be achieved. Moreover, six-contact topology is highly reliable since the current will redistribute and remain uniform if one or more contacts fail. Thus, the switch is robust to open circuit failures.
III. FABRICATION AND CHARACTERIZATION
The switches are micro-fabricated using MEMSCAP's Silicon-On-Insulator Process (SOIMUMPs), which offers a movable 25 μm thick silicon layer, as illustrated in Fig. 3 . An in-plane movable structure with a single layer can be made in this process, which greatly reduces the microfabrication complexity and cost compared to the previouslyreported multi-contact switches with out-of-plane movable structures [9] - [11] . A gold layer of 0.65 μm and a copper layer of 1 μm are over-coated on the top and sidewall of the switching areas by a sputtering process. The over-coated metal layers can significantly improve the RF performance by reducing both the series resistance and the contact resistance [3] , [12] - [14] . SPST and SP3T MEMS switches were fabricated in this process, and the SEM images are shown in Fig. 1 and Fig. 4 , respectively.
The RF performances of the fabricated SPST and SP3T MEMS switches are characterized using a FieldFox RF Vector Network Analyzer (N9923A) and ground-signalground (GSG) coplanar probes with a pitch of 150 μm. The system is initially calibrated using the standard shortopen-load-through on-wafer technique. S-parameters of the input (S 1 ) and output (S 2 ) ports are extracted using the Vector Network Analyzer. Fig. 5 illustrates the measured and simulated RF performances of the SPST switch. In the ON state, the measured insertion loss of the switch is approximately −0.9 dB at 6 GHz. In the OFF state, the measured isolation is better than −29 dB for the whole measurement frequency band. The simulation and measurement results are well matched. Measured contact resistance and simulated contact force versus applied voltage for SPST and SP3T switches. Fig. 6 shows the measured and simulated insertion losses and isolations in the frequency range of 0-6 GHz for the fabricated SP3T switch. The device is symmetric about the input port (P1) as depicted in Fig. 4 , therefore the RF performances of the symmetric 3 output ports (P2, P3 and P4) are almost identical. The measured insertion loss is approximately −1.3 dB at 6 GHz and the measured isolation is better than −37 dB at 6 GHz. The small variation in measured insertion losses and isolations are due to the dimensional errors caused by micro-fabrication uncertainty. Fig. 7 illustrates measured contact resistances and the simulated contact force for SPST and SP3T switches. The contact resistance varies from 7.61 to 3.03 for SPST and from 9.78 to 3.81 for SP3T in the bias voltage range of 43-65 V. The corresponding simulated contact force changes from 23 μN to 61 μN. High contact force reduces the contact resistance by increasing the number and area of actual contact spots [15] . Owing to its six contacts in parallel, the SPST switch has a lower contact resistance compared to the SP3T switch. Fig. 8 shows the measured reliability and power handling capacity of the fabricated switches with a switching rate of 100 Hz in hot-switching conditions. The contact resistance was measured every 1 million cycles. No stiction was observed before each resistance measurement. Because of its six contact points, the SPST switch is able to handle up to 2 W for 10 million cycles. The RMS voltage of the 2 W RF signal is estimated to be 10 V, which is much less than the measured self-actuation voltage (pull-in voltage) of 43 V. The test was stopped at 10 million cycles and not due to switch failure. RF power over 2 W was not available in this experimental setup. In comparison with the SPST switch, the SP3T switch can handle less power since two contact points instead of six are conducting electrical current. The SP3T switch can handle an RF power of 0.3 W for up to 10 million cycles without failure. With 1 W RF power, the test was stopped due to switch failure after 7 million cycles, as shown in Fig. 8 (b) . Table II compares the measured characteristics with previously reported RF MEMS switches. The present work shows superior RF performances, high power handling capabilities, and simple fabrication processes owing to lateral movable structures.
IV. CONCLUSION
This letter presents the design, implementation and characterization of high power and reliable RF MEMS lateral switches using a simple SOI process with a single structure layer. The switches have multiple contacts to increase reliability and power handling capability. The fabricated SPST and SP3T switches have superior insertion loss and isolation ranging from dc to 6 GHz. The design can be scaled to have more ports or contacts by increasing the radius of the central post. The switches can be applied in wireless communication applications, for example compact high-performance switching devices for dual band Wi-Fi smart antennas, which can direct radiation at intended recipients and steer radiation nulls toward the interfering signals [16] , [17] .
